Exogenously applied retinoic acid given at the early stages of gastrulation causes abnormal development of the caudal midbrain and anterior hindbrain in vertebrate embryos. We describe the limits of the brain regions that are affected using neuroanatomical criteria in the zebrafish embryo. Analysis of the reticulospinal complex shows that the Mauthner cell, which normally differentiates in rhombomere 4, is duplicated either in this rhombomere or in rhombomere 2. Using probes for zebrafish krx20 and pax2, it is demonstrated that retinoic acid affects the expression domains of these regulatory genes in a manner that is consistent with the neuroanatomical data. Expression of the goosecoid gene, which expressed in the prospective anterior mesoderm from the onset of gastrulation, is unaffected by the doses of retinoic acid used in this study, reflecting the normal development of the anterior end of the embryo.
Introduction
Brief treatment with retinoic acid (RA) at around the time of gastrulation and neurulation causes abnormal development of vertebrate head structures including the brain. This has been documented in mouse (MorrissKay et al. 1991; Conlon and Rossant 1992; Marshall et al. 1992) , rat (Morriss 1972) , Xenopus (Durston et al., 1989; Sive et al., 1990; Papalopulu et al., 1991) and zebrafish (Holder and Hill, 1991) embryos. The dramatic loss of anterior brain structures and apparent increase in volume of hindbrain tissue seen in Xenopus embryos were at first thought to represent a general posteriorisation of the brain (Durston et al., 1989) , but subsequently more detailed analyses of the neuronal organisation in Xenopus (Papalopulu et al., 1991) , zebrafish (Holder and Hill, 1991) and mouse (Marshall et al., 1992) have shown this is not the case. The extreme sensitivity of forebrain structures to RA in Xenopus appears to be unique to that species, whereas alterations in the organisation of the anterior hindbrain and caudal midbrain are common to all species. Variation in the phenotype generated by RA treatment must be linked to differential responsiveness of regulatory genes in these different species. It is already established that such differential susceptibility occurs within a species; for example, in Xenopus, RA upregulates expression of some homeobox genes while leaving others unaffected (Sive and Cheng, 1991; Ruiz i Altalba and Jessell, 1991a,b) and levels of goosecoid message are severely reduced (Cho et al., 1991) . Goosecoid is ultimately expressed in the most anterior axial mesoderm of zebrafish, Xenopus, chick and mouse (Stachel et al., 1993; Cho et al., 1991; Izpisua-Belmonte et al., 1993; Blum et al., 1992) and in Xenopus, therefore, it is possible the loss of the anterior structures is linked to the down regulation of this gene.
It has been suggested that the spatial organisation of 0925-4773/95/$09.50 0 1995 Elsevier Science Ireland Ltd. All rights reserved SSDI 0925-4773(94)00321-D the hindbrain region is regulated by the spatial patterning of the Hox genes, and since retinoic acid can effect the expression of these genes, it may be that retinoic acid is altering hindbrain organisation by altering Hox gene expression. Recent anatomical studies have thus been complemented with the analysis of expression patterns of candidate regulatory genes which normally express in the anterior hindbrain region. These genes include Hoxb-Z, which initially expresses up to the rhombomere 3/4 boundary and is later upregulated in rhombomere 4 (r4) and downregulated in r5 and r6, Hoxb-2, which in the mouse has an anterior expression boundary at the rhombomere 213 border, and Krox20, which expresses in rhombomeres 3 and 5 (Morris+Kay et al., 1991; Papalopulu et al., 1991; Conlon and Rossant, 1992; Marshall et al., 1992) . In RA treated mouse embryos, Hoxb-Z expresses more anteriorly than normal, the expression domain stretching into the posterior midbrain (Morriss-Kay et al., 1991; Conlon and Rossant, 1992; Marshall et al., 1992; Kessel, 1993) and the expression of Krox 20 appears to be disturbed in rhombomere 3 but not in rhombomere 5 (Papalopulu et al., 1991; Marshall et al., 1992) . Most recently, Marshall et al. (1992) have shown that in mouse embryos analysed at stages slightly later than in otherwise comparable studies, the abnormal anterior expression domain of Hoxb-1 resolves into two stripes, one ectopically in r2 and the other as normal in r4. Using this gene expression data in combination with neuroanatomical analysis of hindbrain motor nuclei, these authors argued that rhombomere 2 had been homeotically respecified to a rhombomere 4 fate. Furthermore, these authors suggested that the rhombomere lying between the two bands of Hoxb-2 expression had the character of r5 rather than the normal r3. These studies in the mouse have made it clear that the RA effect on the hindbrain, far from being a simple posteriorisation, as initially suggested by the studies in Xenopus (Durston et al., 1989; Sive et al., 1990) , is a complex process involving the expression of regulatory genes and the underlying differentiation of specific groups of neurons characteristic of specific rhombomeres. Marshall et al. (1992) suggested there may have been a homeotic transformation of rhombomeres 2 and 3 into rhombomeres with the phenotypes of 4 and 5. The morphological basis for this interpretation was centred only on the organisation of efferent neurons and the pattern of other neuronal systems in the hindbrain remains unclear. In the light of this reservation, we have examined the effects of a pulse of RA at the onset of gastrulation on the development of the zebrafish hindbrain. This has been done to take advantage of the presence in the zebratish of identified neurons which make up the reticulospinal population which characterise the hindbrain rhombomeres and which have been described in considerable detail by Kimmel and colleagues (Kimmel et al., 1982 (Kimmel et al., , 1985 Metcalfe et al., 1986; Mendelson, 1986) . Our results show that respecification of identified reticulospinal neurons does occur in a rhombomere specific manner and that this respecitication has some features in common with that shown in the mouse by Marshall et al. (1992) . Our analysis shows, however, that the situation may be more complicated than the mouse study suggests, since in the fish a hybrid rhombomere with some features of r2 and some features of r4 is produced and no alterations to the organisation of r3 were detected.
Furthermore, we analyse a number of other neuroanatomical features and gene expression patterns which give a detailed description of the more severe RA phenotype which includes the loss of parts of the anterior hindbrain and the hindbrain-midbrain boundary region. These results added to our previous description of the RA effect in the zebrafish when we demonstrated that the region of the hindbrain-midbrain border which normally expresses the engrailed protein fails to develop (Holder and Hill, 1991) . Our results accurately define the RA sensitive organisation of the zebrafish brain and provide a sound cellular and structural base on which to investigate the alterations in gene expression which must underlie this sensitivity.
Results
The results will be described in three sections. In the first, we present evidence from retrograde neuronal tracing and cell-specific antibody labelling that low doses of RA cause position-specific pattern alterations including respecification of identified reticulospinal neurons. Slightly more severe RA phenotypes involve positionspecific deletions in caudal midbrain and rostra1 hindbrain structures. In the second section, more general neural markers as well as the expression domains of krx20 and pax2 are used to define in more detail those structures that are sensitive to RA treatment. This analysis includes the more extreme RA phenotypes induced by treatment with 1.5 x 10m7M RA. The final section describes the expression of gsc during formation of the anterior axial (prechordal) mesodetm in RA treated embryos.
Within any one batch of treated embryos, we find variations in the phenotypes of different individuals. This may be due to small differences in the ages of the embryos at the time of treatment and/or due to local variations in the availability of the RA. Similar variability has been reported previously in zebrafish, Xenopus and mouse (Holder and Hill, 1991; Papalopulu et al., 1991; Marshall et al., 1992) . This difficulty makes it impossible to assess the precise relationship between RA concentration and the observed phenotypes. to be progressively deleted were observed. Detailed descriptions of zebrafish reticulospinal neurons and their development are available elsewhere (Kimmel et al., 1982 (Kimmel et al., , 1985 Metcalfe et al., 1986) . Many of these cells are individually identifiable and together they form a highly reproducible, segmentally arranged column of cells throughout the hindbrain and rostra1 midbrain. They are, therefore, an ideal neuronal complex with which to define the alterations in neuronal patterning caused by treatment with RA. For reference, a summary drawing, adapted from the descriptions of Kimmel and colleagues, is given in Fig. 1A . In the same figure, the reticulospinal complex has been retrogradely labelled with a fluorescent dextran. This indicates the completeness of labelling which can be achieved using this technique.
Reticulospinal neurons were retrogradely labelled in 120 embryos, all previously treated with lo-'M RA. In the large majority of cases (85 of 120 [71%]), no abnormalities were found. This indicates that in those embryos in which we observed alterations, we are studying only those structures that are most sensitive to the RA treatment. Thirty five embryos (29%) contained alterations to their reticulospinal neurons and these could be divided into two main groups. In the first group, only the neuronal organisation in r2 and r4 was affected and in the second group, more severe phenotypes in which In 25 (21% of the original 120 treated embryos) of the 35 affected embryos, the only detectable alterations in reticulospinal organisation were in the number and position of the Mauthner neurons. In control embryos, these are a pair of large, easily identifiable neurons only present in r4 (Fig. 1B) . They have a characteristically large diameter axon which curves across the midline floor plate to run caudally in the contralateral medial longitudinal fasciculus (mlf). In experimental embryos, the number of Mauthner cells was increased. In 14 of the 25 cases (12% of the original 120 treated embryos), the supernumerary Mauthner cells were found only in r4 ( Fig. 2A ). In the remaining 11 (9% of the original 120 treated embryos) of these 25 cases, the supernumerary Mauthner cells were found in the position of r2 (Fig.  2B ). In the cases where Mauthner cells were duplicated in r2, they still developed normally in r4. Supernumerary Mauthner cells were never located in positions other than r2 and r4 and no other neurons characteristic of either r2 or r4 appeared to be affected. Thus the vestibulospinal nucleus of r4 ( Fig. 2A and B) is never duplicated into r2 and neurons characteristic for r2, such as RoL2, remain in their normal location despite the presence of ectopic Mauthner cells (Fig. 2C) . In these cases, r2 takes on a hybrid phenotype containing its normal cells plus a neuron normally only found in r4. In all cases, the intervening r3 retains its normal neuronal organisation. For example, r3 is the only rhombomere that does not have any contralaterally projetting reticulospinal axons; this feature is not altered by RA treatment (Fig. 2D and E) .
Some neurons of the reticulospinal complex, as originally described by Metcalfe et al. (1986) , are not easy to distinguish from one another, thus allowing the possibility that some cells of the complex other than the Mauthner neuron may have been respecified but we were unable to recognise them. None the less, there are enough characteristic differences in the neuronal organisation of r2 and r4 so that we can be confident of the hybrid nature of r2 in RA treated embryos.
In 10 (8% of the original 120 treated embryos) of the 35 embryos altered by RA treatment, more severe phenotypes were observed. In these cases, rhombomeres 1,2 and 3 appear to be progressively deleted from anterior to posterior, such that in the most severe cases, the anterior midbrain nucleus of the mlf (identified by criteria outlined in Fig. 2F ) is found immediately anterior to r4 (Fig. 2F) . At the doses used in this study, the nucleus of the mlf and t-5 are both resistant to perturbation by RA and they seem to mark the anterior and posterior limits of the territory sensitive to RA.
One of the problems of using retrograde tracers to describe the pattern of neuronal organisation in RA treated embryos is that it will fail to label neurons whose axons have been misrouted or truncated by the experimental treatment. In order to check that our description of position and numbers of supernumerary Mauthner cells was adequate, we have further analysed the distribution of these cells using the antibody 3AlO. The epitope which the antibody 3AlO recognises has not yet been identified; however, in whole-mount immunohistochemistry, the antibody recognises only the Mauthner cell and its axon until about 34 hpf ( Fig. 3 and Hatta, 1992) after which it also labels the mlf and commissural neurons in the spinal cord.
The 3AlO antibody has confirmed and extended our understanding of the two main effects of RA treatment on the Mauthner cell. The first is to cause multiplication of the cell. Control embryos possess only two Mauthner cells, one on each side of the neural tube in r4 ( Fig. 1 and  3A) . Retinoic acid treated embryos may have up to seven Mauthner cells in an individual embryo (an exam: ple with five is shown in Fig. 3D ). These cells pathtind relatively normally, as long as they are orientated correctly medio-laterally; however, if oriented with incorrect polarity such that its axon emerges from the lateral end of the cell, it usually pathfinds over the roofplate and becomes lost (Fig. 3C ). When the axon emerges medially, it invariably runs towards the midline and caudally and it either crosses the midline at the floor plate at the normal location, together with the axons of the normal Mauthner cells, or it joins the ipsilateral mlf and projects caudally ( Fig. 3B and D) . The duplicated cells, whether in r4 or more anteriorly, invariably lie laterally in the rhombomere, very close to the position of the normal cells. The second affect is that the multiplicated Mauthner cells can be located in two positions on each side of the hindbrain. Most appear in r4, forming effectively a small nucleus comprised of Mauthner cells. In 15% of cases, however, Mauthner cells were displaced anteriorly (Fig. 3E ) by an apparently constant distance. By double labelling treated embryos with krx20 and the antibody 3A10, it is possible to observe that, in embryos with a Mauthner duplication in approximately the normal position, the duplicated cells always fall within the bounds of r4 (Fig.  3F ). In addition, when present, the anteriorly duplicated Mauthner cell occupies a position just rostra1 to the anterior boundary of km20 expression in r3 ( Fig. 3G ), indicating that the anteriorised Mauthner cell lies within r2. In no case was a Mauthner cell observed to overlap with an area of krx20 labelling.
Loss of anterior hindbrain and hindbrain-midbrain border regions: depning the affected areas.
In our original study of the RA effect on zebrafish (Holder and Hill, 1991) , we observed that part of the brain in the anterior hindbrain and hindbrain midbrain border region failed to develop in treated embryos, a result that appeared also in similarly treated Xenopus embryos (Papalopulu et al., 1991) . We also noted that the region affected included that normally expressing the engrailed protein (Holder and Hill, 1991) . It is important to gain a better understanding of this phenotype because it is likely to represent the result of an effect of RA on the pattern of gene expression from the time of treatment at the onset of gastrulation; when this aspect of the RA effect is finally analysed, it will be important to match this effect to the absence of differentiation in this discrete region of the neural tube. For this reason, The presence of the lateral Rol 2 neurons (large arrows) adjacent to a supernumerary Mauthner neuron demonstrate the hybrid nature of rhombomere 2. The Rol 2 neuron is easy to identify because it has a characteristic cell body position and a commissural axon (small arrows) which has a wandering path leading to the contralateral lateral longitudinal fasciculus (Kimmel et al., 1985) . (D) An essentially unilateral till demonstrates cornmissural neurons in rhombomeres 2, 4, 5, 6 and 7, but, as in control embryos, not in rhombomere 3. The supernumerary Mauthner neuron and a Rol 2 cell are evident in rhombomere 2. Dashed line indicates the ventral midline. (E) A single confocal image demonstrates that commissural axons (small arrows) are absent from rhombomere 3 indicating that its character has not changed in this RA treated embryo which has a duplicated anterior Mauthner neuron (large arrow). ber of features in the brain in RA treated embryos. The ZN-5 antibody labels a large number of cell types within the developing zebrafish nervous system, many of which are also iabelled with HNK-1 (Trevarrow et al., 1990 ).
For our current purposes, ZN-5 labels the nucleus of the IVth cranial nerve and its projection. The nucleus is positioned medially in the anterior hindbrain and just posterior to the IIIrd ventricle. In control animals at 28 hpf, the nerve and its nucleus were labelled with ZN-5 (Fig. 4A) . In retinoic acid treated embryos, this nerve was always absent (Fig. 4B) . Tubulin labelling showed up numerous structures in the brain. As with our previous study in which acetylcholine esterase was used to analyse the early differentiation of neurons in the brain (Holder and Hill, 1991) , the tubulin antibody revealed the early differentiating structures in the forebrain, which develops normally in embryos treated with lo-'M RA. Thus the anterior commissure, postoptic commissure, neurons differentiating in the telencephalon and the epiphysis develop normally (Fig. 4C and D) . At 26 hpf, the tubulin antibody also labels the posterior commissure which lies at the midbrain forebrain border (Fig. 4C and see Wilson et al., 1990) , giving a clear anterior marker for the loss of neural structure in the midbrain of RA treated embryos. The treatment of lo-' M retinoic acid had no affect on the presence of the posterior commissure, as it was present in all specimens examined.
Analysis of pax2 and km20 expression patterns as indicators of the loss of neural differentiation. Pax2
normally expresses in a number of places in the developing neural tube (Krauss et al., 1991) ; for the current purpose, the most useful expression domain is a clear band in the midbrain just rostra1 to the normal expression pattern of engrailed. This band of expression is involved in the normal formation of the hindbrain-midbrain border (Krauss et al., 1992) . The second marker, krx20, characteristically expresses in rhombomeres 3 and 5 (Oxtoby and Jowett, 1993) . As the expression domains of both genes have been well characterised, we used both probes together on single embryos in whole mount in situ hybridisations. A total of 270 embryos (80 controls and 190 experimentals) were examined at various stages of development from the time of onset of expression of the genes to 22 h pf. Both of the genes switch on in the brain of the zebrafish at about 9 hpf and by 12 hpf their expression is well established. In control embryos, the midbrain pax2 stripe was at its widest at 12 hpf and then gradually diminished as the embryos aged (Fig. 5) . In addition to a cranial stripe, pax2 also expressed in a number of other tissues including the early eye stalk (Fig. 5) , the otic vesicle and in early pronephric cells in the posterior of the embryo. Retinoic acid treatment completely deleted the pax2 midbrain stripe (Fig. 5) in 50% of the treated embryos with all treatment stages considered together, but did not affect the other expression domains of the gene. Thus despite complete removal of expression in the midbrain, expression in the eye stalks and otic vesicles was completely normal (Fig. 5D) . In the embryos which retain the pax2 stripe after treatment, the stripe often labelled very weakly or was incomplete and abnormally formed (Fig. 5C) .
As indicated above, by 12 hpf, krx20 expression is Krauss et al., 1991) reveals transcripts in the eye stalk (arrows), a midbrain stripe (p) and the otic vesicle (ov); krx20 expresses in rhombomeres 3 and 5 (see Oxterby and Jowett 1993) . This embryo was fixed at 20 hpf. (B) A normal embryo at 22 hpf hybridised with both probes focused on the ventitles to reveal the position of the pax2 midbrain stripe relative to the hindbrain-midbrain border (arrows) and the anterior rhombomeres. (C) An embryo treated with lo-'M RA and fixed at 18 hpf showing abnormal development of the midbrain pax2 stripe. Note that the expression domains of this gene in the eye (arrows) and otic vesicles (ov) are unaffected and the krx20 expression domains also appear normal. (D) An embryo comparable to that shown in (C) but fixed at 20 hpf in which the pax2 midbrain stripe is absent and the rhombomere 3 expression domain of krx20 is dramatically reduced. The rhombomere 5 stripe of krx20 and the eye (arrow) and otic vesicle (ov) expression of pax2 were never altered Scale bar is 50 pm.
also well established (Fig. 5 ). There were two striking results evident from analysing the pattern of pax2 and krx20 stripes. The first was that the stripes of expression were deleted in a strict rostro-caudal hierarchy. In embryos which possessed only two stripes, the remaining stripes were always the two krx-20 stripes and when on rare occasions (2.5% of cases) only one stripe was observed, it was invariably that in r5; this krx20 stripe could always be identified due to its position adjacent to the otic vesicle. A second clear observation was that krx20 in r3, when expression was present, was often abnormally distributed. In many cases, lateral 'spots' of expression were all that was evident (Fig. 5C ). The expression of krx20 in r5 was invariably normal.
Goosecoid expression in RA treated embryos.
In the zebrafish, gsc mRNA is normally detected prior to the onset of gastrulation at the location where axial involution will be initiated. During gastrulation, expressing cells are present at the anterior end of the extending axial mesoderm that will come to lie beneath the prospective forebrain (Stachel et al., 1993) . In the current experiments, gsc was detected by in situ hybridisation at 50%, 75% and 100% epiboly in control embryos and in embryos treated with lob7 and 10V6 M RA. The results, presented in Fig. 6 , show that RA, even at the highest concentrations, does not influence the spatial or temporal pattern of expression of this gene throughout gastrulation. Although no attempt was made to quantify the amount of gsc mRNA, in situs gave no indication that these levels had been substantially altered. This is consistent with our findings of the normal development of the anterior regions of the embryo and is in contrast to loss of these regions in Xenopus where the gsc gene is down regulated in response to RA (Cho et al., 1991) .
Discussion
The present results demonstrate that low doses of RA applied during zebrafish gastrulation can result in the generation of supernumerary Mauthner neurons, either within their normal location in r4 or ectopically in r2. Furthermore, we demonstrate that when Mauthner neurons are present in r2, they are embedded within an otherwise normal r2 organisation and that the organisation of reticulospinal neurons in r3 also appears to be unaffected. Supemumary Mauthner neurons have also been demonstrated in Xenopus embryos treated with RA (Manns and Fritzsch, 1992) . In the mouse, RA treatment can lead to the ectopic expression of Hoxb-Z in r2 and a reorganisation of efferent neurons in r2 and r3 that is consistent with these rhombomeres being homeotically transformed into segments with the identity of r4 and r5, respectively (Marshall et al., 1992) . By examining the reticulospinal organisation in the fish, we have uncovered a rather more complex situation whereby a hybrid rhombomere with some characteristics of both r2 and r4 is generated rather than a complete homeotic transformation of r2 into r4. In the mouse, it is not clear whether reticulospinal as well as efferent neurons are transformed by the RA treatment. Also in contrast to two studies of RA on efferent neuron organisation in the mouse (Marshall et al., 1992; Kessel, 1993) , our analysis of zebrafish reticulospinal neurons show no alteration to the character of r3. Perhaps related to this is the delayed expression of Krox 20 in r3 in RA treated mice (Marshall et al., 1992) , whereas in fish with Mauthner cell duplications there seems to be no such delay. It is possible, therefore, that differences in Krox 20 expression may underlie variations in the behaviour of r3 neurons in the two species.
In common with other species, there is variability in the exact experimental phenotype that is seen within batches of embryos; this may be due to a number of reasons, including the fact that embryos are collected from natural spawnings and, as a consequence, their developmental stage may vary by as much as 30-45 min at the time of treatment. In this study, we have focussed on what appears to be the most frequently observed phenotypes. None the less, by systematically varying the time of RA treatment, it is possible that alternative phenotypes may be observed. Such phenotypes may reveal that other regions of the embryo are sensitive to RA at different times. Thus, treatment of zebrafish embryos between 10 and 12 h (Hyatt et al., 1992) specitically causes duplication of the ventral regions of the eye. Such time-dependent sensitivities may also be responsible for apparent species variability in the development of the most anterior tissues of the embryo following RA treatment (eg. Durston et al., 1989; Papalopulu et al., 1991) .
The mechanisms that generate a mixed phenotype rhombomere are currently unknown, however, there are at least two possibilities. In the first, the generation of a mixed phenotype rhombomere results from the early birth of the Mauthner neurons. These cells are normally born at 7.5 hpf (Mendelson 1986 ) which is only 45 min after the removal of the RA pulse and at least two hours earlier than the birth of other reticulospinal neurons. Perhaps at this time there is a transitory respecification of positional values in the prospective r2 territory that induces ectopic Mauthner cell differentiation, but that this respecification is short-lived in the absence of continued exogenous RA. The segment thus reverts back to its normal r2 specification in time for the birth of the other reticulospinal neurons. Secondly, RA may lead to an alteration in the Hox code (for example, see Marshall et al., 1992) such that a novel pattern of expression occurs in r2. Interpretation of such a novel code by cells in this rhombomere may lead to the hybrid pattern of reticulospinal neurons. Since the ectopic Mauthner cells are only ever found in the position of r2, other rhombomeres appear to be resistant to respecification by RA. In the case of r3, for example, one might speculate that the early expression of krx20 precludes its territory from assuming the phenotype of an even-numbered rhombomere. Evidence for the existence of hybrid rhombomere specification has also come from work on RA treated mouse embryos where Kessel (1993) observed differential behaviour of axonal growth in r3 where distinct cells had the axonal characteristics of either facial or trigeminal motor neurons.
In addition to the ectopic duplication of Mauthner cells in r2, we often observed production of supernumerary Mauthner cells within their normal segment, r4. It is unclear how these cells are generated but one interesting possibility is that following RA treatment, supernumerary
Mauthner cells may, in fact, be generated in both even and odd numbered rhombomeres in the anterior hindbrain and those born in odd numbered segments (rl and r3) subsequently migrate to either of the adjacent even numbered rhombomeres (r2 and 4). Such a migration may be driven by the proposed differential adhesive properties of cells in odd and even numbered rhombomeres (Guthrie and Lumsden, 199 1; Guthrie et al., 1993) .
As well as the subtle RA phenotype that involves only the specification of supernumerary Mauthner cells, we also present a more detailed account of a more severe RA phenoype that involves the loss of a defined region of neural tube including the anterior hindbrain and caudal midbrain region. In the zebrafish at the concentrations used in this study (10e7 and 1.5 x 10e7M), this occurs in the absence of any other alterations to the development of the brain or spinal cord. The telencephalon, diencephalon and anterior midbrain are normal in all embryos examined (Fig. 5C and D and see Holder and Hill, 1991) . This is in contrast to the effects of similar experiments in Xenopus where alterations in hindbrain and midbrain organisation invariably coincide with the loss of the more anterior forebrain (Durston et al., 1989; Sive et al., 1990; Ruiz i Altaba and Jessell, 199la; Papalopulu et al., 1991) . The results in the zebratish and from rodents (Morriss, 1972; Marshall et al., 1992) do not support the hypothesis that has emanated from the work on Xenopus that RA causes a global posteriorisation of positional information controlling brain pattern formation. It is now known that distinct families of genes are involved in controlling the development of fore mid-and hindbrain structures (reviewed by Wilkinson and Krumlauf, 1990; Puellis and Rubenstein, 1993) and our results suggest that forebrain control genes are less sensitive to RA than genes that control development of the midbrain and anterior hindbrain. Furthermore, we specifically show that the spatial and temporal expression pattern of the gsc gene is unaffected by RA during gastrulation, in contrast to the situation in Xenopus (Cho et al., 1991) , where it is dramatically down regulated. This result indicates that at least some component of the loss of anterior structures in Xenopus may be due to the alteration in expression of gsc and the possible resultant abnormal interactions between dorsal anterior mesoderm and the overlying neural ectoderm (see Ruiz i Altaba and Jessell, 1991b) . Thus it is clear that the RA phenotype results from effects on the expression of a set of normally developmentally regulated genes and that the exact pattern of alteration, and perhaps the genes involved, varies between species. Furthermore, the differential effects of RA on the development of the anterior brain regions as compared with the hindbrain are consistent with the suggestion that these regions have a separate evolutionary origin (Gans and Northcutt, 1983) and that during development they express distinct sets of homeobox genes such as otx I and otx 2 and emx 1 and emx 2 in the anterior brain (Simeone et al., 1992) and the members of the Hoxa and Hoxb clusters in the hindbrain (Wilkinson and Krumlauf, 1990) .
The analysis of neural markers in combination with the assessment of the expression patterns of the positionally regulated genes pax2 and krx20 allow us to make an accurate description of the region of the brain that is affected by the RA treatment. The details of this analysis are summarised in Fig. 7 . In the midbrain, the expression pattern of the pax2 stripe is very sensitive to RA and reflects a similar effect on the engrailed gene epi which overlaps its expression domain in the midbrain and which has a posterior border located in the anterior hindbrain (see summary, Fig. 7, and Hatta et al., 1991; Holder and Hill, 1991) . It has been demonstrated directly that both genes are involved in the formation of the hindbrain-midbrain border (Joyner et al., 1991 : Krauss et al., 1992 and if their expression is prevented in this region, the border area and the eventual neural structures which form from it fail to develop. The RA effect in this area is specific because both genes express in areas of the embryo other than the midbrain and hindbrain-midbrain border regions, engrailed in somitic muscle cells (Hatta et al., 1991, Holder and and paxb (pax2) in several regions of the CNS and the mesoderm (Krauss et al., 1991) , yet these areas of expression are unaffected. The selective loss of identified neural structures, such as the IVth nucleus, and the normal formation of structures such as the posterior commissure and the nucleus of the mlf shows that RA affects neural differentiation specifically, an observation consistent with the observation that the expression of particular regulatory genes is affected by RA. As well as affecting the expression of engrailed and pax-2 in the midbrain, RA can affect the expression of krx20 in r3 in the hindbrain. In severe cases, this expression domain is absent, a result that is matched by the lack of development of the anterior three rhombomeres demonstrated by the reticulospinal backfills (Fig. 2) . In contrast, krx20 expression in r5 is never affected. This effect on krx20 expression is very similar to that seen in RA treated Fig. 7 . Summary drawing of the structures of the brain and expression patterns of pax2, krx20 (k-20) and eng. It shows that the region of the brain affected following RA treatment (indicated by the arrows) at the onset of gastrulation is clearly defined and that the neuroanatomical and gene expression domains match. All the brain tissue anterior to the mlf nucleus (nmlf) in the anterior ventral midbrain develops normally, as does all of the CNS caudal to the rhombomere 4/5 border. epi, epiphysis, iv, IVth nucleus; M, Mauthner cell; pc, posterior commissure mouse embryos (Morriss Kaye et al., 1991) and in Xenopus where only a single stripe of expression is also seen, although it has not been clearly shown in this species that it is the anterior stripe that is absent (Papalopulu et al., 1991) . Overall our results show a neat match between the regions of the brain in which specific neural structures fail to develop, such as the anterior hindbrain from r3 forwards, the hindbrain midbrain border and the IVth nucleus and nerve and alterations to specific expression domains of the regulatory genes pax2, engrailed and krx20 (Fig. 7) .
In conclusion, it is evident from our studies that RA has a reproducible and precise effect on the development of the hindbrain and that this is in distinction from the effects of RA on more anterior CNS regions in Xenopus embryos. This point is clearly illustrated by comparing the effects of RA on the expression of the dorsal/anterior specific gene gsc. Although the expression of this gene is substantially down regulated in Xenopus, it is essentially unaffected, even at relatively high concentrations in zebrafish. Furthermore, there are remarkable similarities between results of RA treatment in zebrafish and mice as demonstrated by the induction of rhombomere 4 characteristics in the position of rhombomere 2. It is also clear that RA is having its effect by acting on the expression of control genes. The patterns of such genes, principly those of the Hoxb cluster, krx20, engrailed and pax2 have been examined in detail by a number of laboratories (Papalopulu et al., 1991; Holder and Hill, 1991; Morris+Kaye et al., 1991; Conlon and Rossant, 1992; Marshall et al., 1992; Kessel, 1993 and the current study). In the zebrafish, we are now examining how RA given as a pulse at the onset of gastrulation affects the expression of these control genes which express at defined times during gastrulation and neurulation.
Experimental procedures

General and RA treatment
Fish were raised and embryos obtained and staged according to methods previously described (Holder and Hill, 1991) . RA treatment was also performed according to previously described protocols (Holder and Hill, 1991) ; in the current study, RA was given at two concentrations. In the majority of experiments, a concentration of lo-'M was used but in some experiments 1.5 x lo-'M was given. All exposures were at 50% epiboly, the onset of gastrulation (Westerfield 1992) for one hour.
Antibody staining
A number of monoclonal antibodies were employed in the study. ZN5 (Trevarrow et al., 1990 ) was used to study the formation of the IVth nerve; 3A10, an antibodv originally raised in a screen for rat floor plate tissue by Dr. Jane Dodd, recognises exclusively the Mauthner neuron in the zebrafish at the stages used in this study (Hatta, 1992) ; an anti-cY-acetylated tubulin antibody has previously been used to identify the posterior commissure and other axonal tracts in the zebrafish brain (Wilson et al., 1990) .
The staining procedures were those described previously (Holder and Hill, 1991) .
Whole mount in situ hybridisation
mRNA probes to zebrafish pax 2 (Krause et al., 1991), zebrafish krx-20 (Oxtoby and Jowett, 1993) and zebrafish gsd (Schulte-Merker et al., 1994) were used in the study. The methods were essentially those described by Oxtoby and Jowett (1993) . Briefly, embryos were fixed in 4% paraformaldehyde in PBS overnight at 4°C. The tix was then removed and replaced with methanol and after a few minutes equilibration were stored at -20°C. Embryos were rehydrated in decreasing strengths of methanol in PBS and then washed (4 x 5 min) in 0.1% Tween 20 (Sigma) in PBS (PBTw). The embryos were then incubated for 20 min in proteinase K (Sigma) (10 &ml PBTw) at room temperature. The reaction was stopped by rinsing (2 x 5 min) in glycine (2 mg/ml PBTw). The embryos were then refixed in 4% paraformaldehyde in PBS at room temperature after which they were rinsed (5 x 5 min) in PBTw. The embryos were prehybridised in hybridisation buffer (HB50% Formamide, 5X SSC, 500 &ml tRNA, 50 pg/rnl heparin, 0.1% Tween 20, brought to pH 6.0 with citric acid) for 1 h at hybridisation temperature. The HB was then replaced with HB containing probe (l/l00 standard BCL DIG riboprobe for 200 @sample) and was incubated overnight at 65°C in a 1.5 ml microfuge tube. The specimens were then washed for 10 min in each of 75% HB/25% 2X SSC, 50% HB/50% 2X SSC, 25% HB/75% 2X SSC and 100% 2X SSC at 65°C. The embryos were then washed (2 x 30 min) in 0.2X SSC at 65 C, before the final washes at room temperature, 5 min in each of 75% 0.2X SSC/25% PBTw, 50% 0.2X SSC/SO% PBTw, 25% 0.2X SSC/75% PBTw and 100% PBTw. The anti-sera to DIG was diluted 1:400 in 2 mg/ml BSA 2 sheep serum in PBTw and preabsorbed against zebrafish embryos overnight at room temperature. The non-specific binding site were blocked by incubating the specimens in 2% sheep serum, 2 mg/ml BSA in PBTw for 1 h at room temperature. This solution was then replaced DIG-AP antibody diluted 1: 1000 in 2% sheep serum, 2 mg/ml BSA in PBTw and the embryos were incubated for 2 h at room temperature. The embryos were then washed in (6 x 20 min) in PBTw at room temperature. They were then washed (3 x 5 min) in BCL buffer 3 (0.1 Tris/HCl pH 9.5, 50 mM MgCl,, 0.1 M NaCl, 0.1% Tween). NBT (BCL) and Xphos (BCL) in BCL buffer 3 (4.5 kl/ml and 3.5 @ml, respectively) was added to develop the colour. The colour reaction was stopped by replacing the solution with PBTw.
For double labelling of embryos with the in situ probe and antibody, embryos were fixed at the required stage and the probes were hybridised and labelled as above. The embryos were then rinsed 3 x 5 min in 1% Triton Xl00 in PBS. Non-specific binding sites were blocked by incubation in 10% normal goat serum (ngs)/l% Triton Xl00 in PBS for 10 min. This solution was replaced by antibody and the embryos were incubated overnight at 4°C. The antibody was then removed and the embryos were rinsed with 1% ngs/l% Triton Xl00 in PBS; at least six changes in two hours. Secondary antibody (goat anti-mouse peroxidase conjugated) was then diluted in fresh rinse medium at 1:500 and the embryos were incubated overnight at 4°C. The secondary antibody was then removed, the embryos rinsed for two hours in fresh PBS and reacted for peroxidase activity.
Retrograde labelling of reticulospinal neurons
Control and retinoic acid treated 4 day embryos were immobilised in 1% agarose in PBS. The spinal cord was completely transected at the level of the hind-gut with a sharpened tungsten needle. The dye (lysinated rhodamine dextran, Molecular Probes D-1817) was then applied as a thick semi-solid with another sharpened tungsten needle to the rostra1 stump of the cut spinal cord. The embryo was then released into a solution of 10% Hank's saline for one hour to allow transportation of the dye. The embryo was then fixed in 3.5% paraformaldehyde in PBS overnight at 4°C.
The brains from filled-embryos were then carefully dissected free of surrounding tissue and mounted ventral side uppermost in 90% glycerol/lO% PBS on a glass microscope slide, under a glass coverslip supported by four spots of silicon gel. Permanent mounts were painted around the edge of the coverslip with nail varnish to prevent evaporation.
Confocal images were viewed on a Biorad MRC600 confocal microscope using standard Biorad software.
A note on nomenclature
The zebrafish community has agreed to use three letter names for genes isolated in this species. This nomenclature is specifically for use in chromosome mapping but, where appropriate, abbreviations for genes in general usage will follow the same pattern. For example, in this paper, we refer to krx20 (Oxtoby and Jowett, 1992) for the zebra&h homologue of Krox 20 and gsc as the abbreviation of goosecoid (Schulte-Merker et al., 1994) .
